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ABSTRACT 


^  On  Project  3.2,  maaiurementa  aere  made  of  tranaiant  particle  velocity 
and  diaplacenent,  relative  di aplacenent ,  and  liner  and  rock  atrain,  on 
24  of  the  43  tunnel  liner  aectiona  uaed  in  the  tunnel  liner  reaponaa 
atudiea  (Project  3.1)  on  Shot  Hard  Hat.  Of  the  108  inatrumentation 
ehannela  inatalled,  only  about  4SX  of  the  gage  channeta  produced  uaeful 
racorda.  Soaie  of  theae  racorda  were  partial,  being  tarninated  by  cable 
braakaga  before  coRple.tion. 


The  racorda  obtained  ahow  peak  valuea  aatiafactori ly  eloae  to  the 
aat  rangeai  no  racorda  eera  loot  due  to  over-ranging  or  undar-ranging. 

No  detailed  interpretation  of  theae  data  haa  bean  attanptad  on  thia 
project;  they  will  be  uaed  priiiarily  in  conjunction  with  other  data  ob¬ 
tained  by  Project  3.1.  One  general  eoneluaien  dreen  from  theae  data  ia 
that  the  najority  of  the  atructuraa  ahoeed  maairaun  loading  naarer  the 
tranaveraa  than  the  radial  direction. 
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PREFACE 


Project  3.2  ie  pleaeed  to  ■cltnowledge  the  •eeietenea  of 
Mr.  Hobart  Holaaa, Holmai  azKl  Narv«r,  Ino.,  in  implementli^ thli  project. 


The  field  party  for  Project  3.2  eaa  under  the  general  aupar* 
viaion  of  L.  M.  Seift,  aaaiatad  by  W.  M,  Walla  and  L.  H.  Inaan, 

Field  party  aaabera  included  H.  E.  Auaillar,.G.  S.  Brink,  J.  R,  Fort, 
L.  C.  Harlan,  H.  H.  Kaufaan,  A.  L.  Lange,  D.  C.  UacLaehlan, 

R.  V.  Obler,  Q.  Wagner,  and  C.  M.  Waatbreok, 
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CIIAHTF.H  i 

IMRODLCTION 


1.1  OBJKCTIVES 

The  objeOtiVQS  of  thil  p roj e c t woro  to  make  me  a  a u temen t a  of  the  input 
to  and  reaponse  -f  tunnel  liners  unJer  cumlitioni  of  exploaive  loading 
produced  by  Shot  Hard  Hat  (depth  of  burial  950  feet,  predicted  yield  5  kt)  and 
to  report  the  data  obtained  iri  a  form  uaeful  to  structural  engineera  and 
deaigiiera. 

The  meaaurementa  to  be  made  were  primarily  thoae  apecified  by 
Projact  3,1  (  Reference  1)  technical  repreientatlvei  and  their  coniulants,  Howavtri  the  Stanford  Rciiarch 
Initibta  (SRI)  reeofnlied  that  a  part  of  the  SRI  r  e  apon  a  i  b  i  1  i  ty  waa  to  deaign  and  utiliie 
the  moat  effective  tecliniiiuea  for  obtaining  tlie  deaired  data,  recommending 
modi ficatinna  to  tite  overall  experiment  ebenever  the  reaulta  could  be 
improved  thereby. 

1.2  UACKGHOUND 

The  OeparOnant  of  Dafanie  ( DOD)  haa  need  nf  data  on  the  input  to  and  re- 
aponae  of  tunnel  linere  of  varioua  configuration!,  reiulting  from  nearby 
nuclear  exploaiona.  Theao  data  ere  rei|iiired  for  guidance  in  the  deaign 
of  protective  conatruction  for  undergruiind  facilitisa  aa  well  aa  for 
deaign  of  ahafta,  tunneli,  and  aaaociated  facilitiea  in  underground 
nuclear  teita.  A  limited  experiment  of  thii  typo  waa  originally  planned 
for  Project  Qnome.  It  waa  expanded  and  tranaferred  to  Project  Lollipop 
early  in  the  planning  for  that  event. 

Stanford  Reaearch  Inatitute  undertook  a  portion  of  Prugram  29  of 
Project  Lollipop  under  contract  with  the  Atone  Energy  Commiaiion. 

That  project  involved  dynamic  meaaurementa  eaaentially  identical  to  thoae 
covered  by  this  report.  The  purchase  of  most  of  the  necessary  capital 
e:(uipment  and  supplies  snd  the  installation  ol  the  recording  equipment 
at  the  site  were  nearly  complete  under  that  project.  I'hese  facilitiea 
were  iransferreil  to  .Shot  Hard  Mat  and  the  experiment  waa  completed  under 
IXJl)  sponsorship. 
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CHAPTER  2 


EXPERIMENT  DESIGN 


The  overell  progrem  of  Project  3.1  involved  ulilitation  of  43  teet 
•octione  hiving  a  variety  of  linera,  or  no  liner  at  all,  originally  to  be 
located  at  three  ringei  (500,  3S0,  and  250  ft)  from  the  lero  point 
(Reference  1),  Theae  three  rangea  were  aelected  to  give  maximum  proba¬ 
bility  uf  producing  meaningful  demage  without  Lumplele  deatruction  to  the 
lectioni  at  one  or  more  rangea.  Under  Project  3.2,  a  total  of  108  elec¬ 
tronic  meaaurement  ehannela  were  planned  (Tablt  3.1  and  Figure  3,5), 

The  following  paragrapha  deacribe  the  diviaion  between 
typei  of  maiaurementa  to  be  made. 

2.1  LINER  DEFORMATION 

Moat  of  the  linera  were  circular  in  croaa-aection  (Figure  2.1).  A 
aingle  meaaurement  of  the  change  in  the  diameter  along  a  radiua  to  the 
ihot  point  wia  expected  to  give  aatiafictory  information  on  the  diator- 
tion  of  the  linera,  aince  they  ware  expected  to  deform  primarily  in  a 
limpla  elliptical  mode  with  the  total  circumferential  length  easentially 
unchanged.  However,  at  a  check  on  the  validity  of  thii  expectation, 
deformation  acroaa  two  diameteri  wax  moaaured  on  lome  linera.  Deforma¬ 
tion  maaaurementa  were  made  in  17  teat  aectiona,  five  of  which  were 
inatrumented  on  two  diametera. 

2. 2  LINER  MOTION 

The  abaolute  motion  of  a  liner  may  be  more  important  than  the  defor¬ 
mation  when  damage  to  the  contenta  of  a  atructure  ia  more  important  than 
damage  to  the  atructure  itaelf.  In  thia  exper iment,  abaolute  motion 
meaaurementa  were  made  with  the  velocity  gage  developed  at  SHI 
(Reference  2).  In  general,  one  aiirh  meaaurement  waa  expected  to  deacribe 
the  motion  adequately,  eapecially  when  it  waa  asaociated  with  a  meaaure 
□f  deformation,  but  in  a  few  caaea  it  appeared  desirable  to  measure  the 
liner  velocity  st  the  point  awsy  from  the  charge  as  well  as  that  closest 
thereto.  Liner  motion  measurements  were  conducted  on  18  of  the  linera, 
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with  three  of  them  i  net  rumen t ed  in  these  two  positions.  These  liners 
inoludetl  14  of  those  on  whioh  deformation  measurements  were  .made. 

2.3  STRAIN  IN  LINKRS 

Meaiurement  of  circumferential  strain  in  the  liners  was  considered 
an  important  measure  of  incipient  failure.  Theae  data  were  obtained  by 
attaching  SH-4  strain  gages  to  the  inner  surface  of  a  steel  liner  or  to 
the  rods  of  a  reinforced  concrete  liner.  Such  meaaurementa  were  made  on 
11  linera,  with  five  of  theae  liners  instrumented  in  two  positions  aeps" 
rated  by  90  degrees.  In  addition,  one  of  the  liners  was  instrumented  wi  th 
Strain  gages  to  measure  longitudinal  strain  in  the  liner  material  in  theae 
lame  two  positions. 

2.4  RADIAL  STRESS  IN  THE  ISOLATION  MATERIAL 

Many  of  the  teat  sections  ware  leparited  from  the  formation  by  an 
annulus  of  plastic  foam  or  cinders.  Stress  in  these  isolation  materiali 
under  dynamic  loading  ia  an  important  maaiure  of  their  uaefulneai.  The 
unit  load  on  the  liner  or  on  the  wall  gives  a  satisfactory  maaaurament  of 
this  stress.  On  this  project,  a  stress  gage  was  mounted  flush  with  the 
surface  of  the  liner.  Such  meaiurement'  were  made  on  10  linen,  eight 
of  which  ware  isolated  by  foam  and  two  by  cindera,  Seven  of  theae  linera 
ware  inatrumented  at  two  poiitionu  90  degreei  apart.  On  one  liner  theae 
meaaurementa  were  eupplemented  by  meeiurementi  of  the  change  of  tottl 
thickneif  of  the  iaoletion  material  under  dynamic  loading, 

2.5  STRAIN  IN  THE  .SURflOUNDI NO  ROCK 

The  preience  of  the  tunnel  itielf  hai  an  effect  on  the  dynamic 
pattern  of  itreii  and  atriin  in  the  lurrounding  medium.  Thii  effect  ii 
reduced  when  a  vary  atiff  tunnel  liner  ic  placed  in  intimate  contact  with 
the  medium,  but  it  is  by  no  meina  eliminated  unleii  the  liner  ii  extremely 
atiff.  The  atrain  was  measured  in  the  medium  at  two  or  three  distances 
from  the  surface  in  two  nr  three  positions  relative  to  each  of  three  typei 
of  section;  no  liner,  a  very  stiff  liner,  and  an  intermediate  that  ia, 
limber  liner.  A  total  of  38  channels  were  utilised  in  these  meaaurementa. 
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Figure  2.1  Typical  tunnel  liner,  Shot  Hard  Hat. 
CDASA  032  (NOU-072-05)  NT8-e2) 
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CHAPTER  ,? 


LNSTRUMEJNTATIOIN 


3 . :  TIUNSDUCERS 

All  Crtnaducert  «ere  balanced  va r i ab 1 e - re  1 uc t ante  or  variable- 
reaiatance  hal  f-bridgei  except,  aome  of  the  atrain  gage  circuita  which 
wore  full  hridgfla.  Th*a»  initruirenta  were  selected  to  be  compatible 
with  the  recording  equipment  uaeil  and  whenever  paaaible  to  be  of  typea 
proven  in  aimilar  Held  uaei. 

3,1,1  Relative  Diaplaeemant  Gagea,  The  gagei  uaed  for  meaaurement 
of  liner  deformation  and  the  deformation  of  iaolation  material  ware  the 
Sandia*SIII  relative  diaplacament  gagea  (Figure  3,1)  uaed  for  aimilar  pur* 
poiea  on  a  number  of  operationa  (Deference  3).  In  principle  thia  gage 
coniiata  of  a  apring*dri ven  drum  around  which  li  wound  a  length  of  amall 
piano  wire,  the  far  end  of  which  ia  attached  at  the  oppoaite  aide  of  the 
liner.  The  wire  ia  kept  in  tenaion  by  the  apring-driven  drum,  and  any 
relative  motion  between  the  two  anchoi  pointa  la  reflected  in  rotation 
of  the  drum  which  in  turn  rotatea  a  potentiometer.  The  potentiometer  it 
connected  aa  a  portion  of  the  bridge  in  the  recording  ayttem. 

Thaaa  gagec  were  mounted  and  calibrated  during  the  normal  build-up 
period^but  the  operating  wires  were  then  diacunnacted  to  peimic  acceaa 
to  the  linert  for  other  operationa.  In  the  final  button-up  theae  wires 
were  reconnected  to  the  anchore  after  all  other  acceaa  requiremanta  had 
been  met. 

2^^j_2__Ve_l^ci^^^^Ga^B^,  The  velocity  gagea  uaiid  for  meaaurement  of 
the  abaolute  motion  of  the  linen  were  a  modification  uf  the  standard  SRI 
Mark  II  velocity  gage  (Reference  2)  permitting  their  operation  at  a 
alight  angle  off  the  horiiontal  (Figure  3.2).  They  coniiat  eaaentially 
of  the  standard  Mark  II  periodic  vertical  velocity  gage  with  a  weaker 
supporting  spring  installed  and  -idjuated  to  support  the  pendulum  at  the 
angle  at  which  the  gage  was  mounted  (23°  from  the  horiiontal  in  Drift  A 
and  17°  in  Drift  B).  The  spring  was  adjualed  to  produce  aero  electrical 
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unbalince  when  mounted.  No  critical  locking  or  unlocking  aignala  were 
required,  but  a  cocking  circuit  waa  uaed  for  final  tine  conatant  deter¬ 
mination  (Section  3,3.2). 

3,1,3  Strain  in  Linera .  Conventional  Baldwin  SB- 4  atrain  gagea 
were  used  for  all  atrain  meaaurementa .  In  reinforced  concrete  linera 
they  were  attached  to  reinforcing  roda  made  acceaaible  by  wooden  pluga 
placed  in  the  concrete  during  cuna t rue t i on .  The  uaual  techniques  of 
grinding  the  rod  and  mounting  the  gagea  were  uaed.  On  corrugated  steel 
linara  the  gagea  were  placed  directly  in  contact  with  the  liner  at  a 
point  midway  between  a  trough  and  a  ridge  in  the  corrugations  to  .meBaure 
aa  naarly  aa  poaaible  the  compreaaiva  strain  without  bending  effects. 

This  precaution  waa  necaeanryj because  it  waa  not  feasible  to  place  atrain 
gage  alementa  on  the  outaida  of  the  liner  aa  well  aa  on  the  inside.  On 
linara  with  wood  or  ateel  lagging  and  heavy  supporting  rings,  the  strain 
gagaa  were  placed  on  the  web  of  the  supporting  ring  (Figure  3.3). 

The  unit  loading  on  the  liner  was 

Measured  by  mounting  a  Carlaon<Nitneko  atraaa  gaga  flush  with  the  outer 
surface  of  the  liner  in  a  special  mount  welded  or  poured  in  the  liner 
during  conitruction  (Figure  3,2).  The  construction  procedures  were  such 
as  to  provide  a  amooth  surface  of  foam  or  cinders  covered  with  a  light 
plastic  film.  A  mounting  ring  was  provided  for  the  Carlson  gags^ which 
allowad  the  gage  to  be  forced,  by  a  aeries  of  screwa,  against  the  foam 
or  0 i ndera^ prov idi ng  a  small  amount  of  pre-atress  to  insure  good  contact. 
Every  effort  was  made  to  avoid  producing  any  discontinuities  in  tha  sur¬ 
face  which  would  materially  affect  the  distribution  of  the  loading  in 
tha  vicinity  of  tha  gaga. 

In  this  use  of  the  Carlson  gage  the  difference  in  compliance  of  tha 
gage  ind  tha  concrete  liner  was  not  considered  important, since  both  were 
very  stiff  compared  with  the  foam  or  cinders. 

3,1.5  Strain  Gagea  in  the  Medium  The  atrain  gages  uaed  in  the 
measurement  of  the  strain  in  the  surrounding  rock  were  incorporated  in 
core  aasembliea  prepared  by  the  U.S.  Bureau  of  Mines  for  this  operation 
(Figure  3.4).  This  application  followed  the  same  construction  and  in¬ 
stallation  practices  developed  by  the  Bureau  of  Mines  for  a  number  of 
tests  involving  HE  shots  of  various  aitea  (Beference  4).  Tha  4  gages  were 
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cemented  on  prepared  surfacea  of  granite  corea  taken  from  the  general 
vicinity  of  the  lur.nel.  Theae  corea  were  then  inaerted  in  drilled  holea 
and  cemented  in  place  with  a  grout  matching  aa  nearly  aa  poaaible  the 
eharacteriatica  of  the  granite.  hi ec t r i ca 1 1 y^ theae  gagea  were  connected 
in  the  uaual  full-bridge  circuit. 

3.1.6  Summary ■  A  aummary  of  gage  typea  and  locationa  ia  preaented 
in  Table  3.1.  The  identification  uaed  for  the  linera  ia  that  uaed  on 
Project  3.1.  Figure  3.S  ia  a  plan  view  of  the  teat  drift  aectiona  indi¬ 
cating  the  liner  material  and  filler  and  the  i natrumentation  orientation. 

3.2  RECORDING  EQUIPMENT 

The  baaic  recording  ayatem  waa  eaaentially  the  aama  aa  that  uaed  on 
■any  previoua  operationa  (Reference  3).  Conaolidated  Electrodynamica 
Corporation  (CEC)  3-kc  carriar  amplifier  ayatama  were  uaed  on  all 
reaiatanee*wire  atrain  gaga  eircuita.  The  other  gaga  ehannala  utiliaed 
■odifiad  Wianeko  oacil lator-denodulator  carrier  ayatama.  All  ehannela 
were  racordad  on  Millar  or  CEC  di ract> recording  oaei llographa ,  many  of 
thei  in  duplicate  to  avoid  the  poaaibility  of  loaa  of  data  from  tha 
failure  of  a  tingle  recording  otci llogrtph.  On  tomt  of  tha  dual  ehannala, 
galvtnoaatart  «ith  different  aantitivitiaa  ware  uaed  to  provide  a  wide 
dyntaic  range  of  uaabla  aantitivitiaa.  Uting  a  paper  apaed  of  about 
40  in  /tee,  tha  atandard  oacillograph  waa  limited  to  a  recording  time 
of  tlightly  under  2  minutaa.  A  timing  aigntl  of  100  and  lODO  epa  waa 
applied  to  all  reeorda  aimultaneoualy  from  a  aingle  aourca,  having  a 
tiae  accuracy  of  better  than  10  parta  per  million.  Thia  givat  the  tame 
tint  bate  to  all  recorde  for  time  correlation  of  tha  laparata  aventa. 

All  inatrumant  recording  gear  waa  located  in  a  wooden  aheltar  about 
2000  feet  aouthaaat  of  aurftce  lero  (Figure  3.6).  Thia  location  waa 
chotan  at  a  conproniae  between  exceative  cable  length  and  the  expected 
ground  notion  reaching  the  recording  point.  No  protection  from  radia¬ 
tion  waa  conaidered  neceaaary. 

The  recording  equipment  waa  powered  during  aet-up  and  teat  by  120- 
volt  BO  generatora,  but  during  the  ahot;  atorage  batlnriea  were  uaed  aa 
the  power  tource  to  gain  maximum  reliability,  Multiple  dC“tO"ac  Con~ 
vertera  were  uaed  to  avoid  groaa  failure  from  any  aingle  converter  failure. 
All  inatrumenta  were  ataried  in  aequence  from  standard  Edgerton, 
Qermeahausen  &  Qrler,  Inc. ,  (EG jtO)  timing  signal 
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reUyi,  Power  wai  epplied  for  werm-up  at  H  minua  15  minutea  backed  up 
by  an  H  minua  S-minute  aignal.  Oac i 1 1 og r aph i c  recording  atarted  at  H 
minua  15  aeconda  with  a  back-up  contact  at  H  minua  5  aeconda. 

3.3  CALIBRATION 

All  gagea  were  calibrated  on  the  channel  and  cable  with  which  they 
were  uaad  on  the  ahot  itaelf.  At  the  time  of  each  calibration  a  aynthetic 
calibrating  aignal,  generated  in  the  oaci  Ilator-ampli fier  ayaten,  was 
applied  to  the  channel  and  the  reaultant  galvanometer  deflection  waa 
obaervad.  Thia  aanc  signal  waa  automatically  applied  approximately 
S  asconda  before  xaro  time  on  the  final  run^ so  that  the  ratio  of  the  t«u 
daflectiona  could  be  accurately  meaaurad  and  uaad  to  compute  any  inten¬ 
tional  or  unintentional  changea  in  system  aanaitivity  subsequent  to  cali¬ 
bration.  Thia  ayaten  has  bean  uaad  by  moat  of  the  agenciaa  participating 
in  blast  effects  maasurenenta .  Calibration  procedures  for  the  different 
typea  of  gages  differed  in  detail  but  not  in  principle. 

3.3.1  Relative  Diiplacement  Gagea.  Thaae  gagea  are  subject  to 
direct  ealibratien  by  simply  moving  the  steal  wire  under  tension  a  known 
distance  and  observing  the  galvanometer  deflection.  In  practice,  a  screw 
■achanisai  was  uaad  to  nova  the  wire  precise  diatincaa^ and  several  points 
were  obaervad  ranging  from  a  fraction  of  the  set  range  to  I, 5  or  2  tines 
the  act  range  in  both  poaitive  and  negative  directions.  A  calibration 
curve  waa  derived  from  theae  points. 

3.3.2  Velocity  Gagea.  When  the  SRI  Mark  II  velocity  gage  ia  uaed 
in  any  other  poaition  than  horitontal,  the  armature  ia  brought  to  balance 
by  a  spring  as  shown  in  Figure  3,7.  The  effective  pull  of  the  spring  ia 
proportional  to  g  sin  a,  where  a  it  the  angle  of  departure  of  the  mounting 
axis  from  the  horitontal.  For  calibration,  the  gage  ia  cocked  by  the 
solenoid^ then  turned  in  the  reverse  vertical  poaition  so  that  the  spring 
it  down.  The  solenoid  ia  then  relstted^and  the  record  ia  takan  of  the 
output  of  the  gage  as  the  armature  moves  through  lero.  The  force  acting 
on  the  armature  at  it  pataaa  through  aero  ia  proportional  to  1  g  plus 

tha  force  of  the  apring.  The  calibration^then; ia  auch  that  the  diatance 
y  which  the  apot  raovea  in  t  aeconda  correaponda  to  a  velocity  of 
gt(l  *  ain  a),  to  that  the  velocity  per  unit  deflection  ia 

S  ■  y/D  •  gf(l  *  sin  ci)/y 
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In  iheie  gages  the  viscous  restraint  of  the  armature  ia  produced  by 
a  silicone  oil  of  high  viscosity.  The  oil  viscosity  does  not  change  with 
temperature  as  much  as  do  other  oils,  but  the  change  is  still  of  the  order 
of  1S/°F.  This  materially  affects  the  c a  1 i br a t i on,  s i nc e  the  temperature 
at  calibration  mav  be  quite  different  from  that  after  i n a t a  1  1  a t i on .  Cor¬ 
rection  for  this  temperature  effect  la  made  by  measuring  the  time  constant 
of  the  gage  at  the  time  of  calibration,  and  again  as  late  as  possible 
after  installation. 

T‘ ,  ‘  1  ( ■! I*  •  1.  i  «  itiii -1 1-  *  s  folio*”: 

Immediately  after  calibration,  the  gage  ia  mounted  in  its  operating 
paaition^and  the  armature  ia  deflected  by  the  magnetic  cocking  coil.  A 
record  ia  taken  of  the  return  of  the  spot  to  its  lero  position.  This 
curve  ehould  be  an  exponential,  of  the  general  form  y  •  The  time 

constant  T  ia  indapsndant  of  the  gain  of  the  aystem  or  of  the  time  chosen 
for  the  start  of  maaauring  i,  and  ia  proportional  to  the  viecoua  restraint. 
After  the  gage  has  been  installed  and  has  coma  to  tharmal  equilibrium, 
the  procedure  ie  repeated  to  obtain  the  final  time  constant  T^.  The 
final  lanaitivity  Sg  ie  equal  to  ST^/T. 

In  thia  project  t«o  mounting  englaa  eera  encountered:  23  dagraee 
in  Drift  A  and  17  degree!  in  Drift  B.  Tits  gages  were  built,  adjuated, 
and  ealibratad  for  these  angles.  The  true  angles  at  the  time  of  use  were 
■lightly  different  from  these  values,  but  the  re*edj uetment  of  the  springe 
to  these  slightly  different  angles  did  not  change  the  basic  calibration 
of  the  gage. 


3.3,3  Strain  Gagea,  The  procedure  used  on  the  SH-A  etrain  gagae 
was  the  indirect  method  which  ia  necessarily  used  on  all  gagas  of  thia 
type.  The  gage  factor  of  each  gage  ia  apecifiod  by  the  manufacturer. 
Thia  factor  ia  the  proportionete  change  in  reaiatnnce  of  the  gage  in¬ 
duced  by  change  in  ite  length  (strain).  Thia  factor  is  usually  tpproxi- 
mstaly  2,  meaning  that  ■  change  in  length  would  produce  a  2%  change 
in  resistance.  Known  values  of  high  resistance  are  shunted  acroea  one 
of  the  gage  elements  for  calibration.  Such  a  shunt  changes  the  reaiat- 
ance  of  tlie  bridge  element  by  a  known  amount  in  a  direction  correspond¬ 
ing  to  compreiiive  atrainj  hence,  its  equivalent  strain  may  be  computed 
and  the  deflection  produced  thereby  used  as  a  calibration  point.  Theae 
shunts  mult  be  applied  as  near  as  possible  to  the  gage  elements  to  avoid 
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errori  due  to  the  reeiitance  of  the  connecting  wires.  In  this  oporsr.ion 
this  was  readily  poaaible,  except  for  some  of  the  core-mounted  gages  where 
the  ahunta  were  neceaasrily  applied  about  10  feet  from  the  gage.  The 
error  produced  thereby  ia  negligible. 

3.3.4  Ca r 1  son - Wi ancKo  Stress  Gages.  The  stress  gages  were  cali¬ 
brated  by  placing  the  entire  gage  in  the  high-pressure  tank  built  lor  this 
purpose  which  provides  electrical  connection  to  the  gage  from  the  outside. 
Several  values  of  air  pressure  were  applied  to  the  tank  and  the  calibration 
recorded  in  the  standard  laahion. 

3.3.5  General  Procedures.  bach  gage  calibration  was  calculated  in 
the  field  aa  a  check  on  the  validity  of  the  calibrations  and  for  use  in 
the  field  data  reduction. 

After  return  to  the  laboratory,  the  data  were  reproceaaed  without 
regard  to  the  field  calculations. 

3.4  PREDICTIONS 

In  an  exporiment  of  thia  typa^ predictions  must  be  made  of  the  ntgnl- 
tude  expected  at  each  gage  of  the  varioui  parimetera  being  nnaiurad^io 
that  the  gaga  range  and  the  aenaitivity  of  the  recording  equipment  may  be 
selected  appropriately.  Thaaa  predictions  are  made  for  thia  purpoae  only 
and  not  with  any  intent  of  davaioping  general  prediction  criteria. 

On  thia  projaet/the  gage  ranges  ware  sat  in  accordenca  with  predic¬ 
tions  furnished  by  Project  3.1,  as  ahoan  in  Table  3.1.  The  predictiona 
for  itrain  in  the  rock  and  particla  velocity  were  alao  derived  independ¬ 
ently  as  a  part  of  Project  1.2  (llafaranea  S).  Thaaa  two  aeti  of  predie- 
tiona  ware  found  to  be  eaiantiilly  identical^  lo  no  changei  ware  made  to 
the  3.  1  pradietioni. 
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TABLE  3.1  GAGE  UVaT 

(Gtga  coda  la  dalined  al  the  end  of  the  tablej  pph  e  puH  per  thoujud 


Liner  Material 


Fi  Her 


Hange 

ft 


Gage  Code  Gege  Type  Set  Range 


A3a 

EI3DSH 

WSM 

A3aVR 

VH23° 

70  ft/aec 

A3a 

gtf 

ABoTR 

SC  Diapl. 

12  in. 

A3b 

R/f.  Hey 

Foi 

!■ 

A3bVH 

VH23‘’ 

35  fl/eec 

A3b 

R/C  Hey 

Foan 

■nfl 

A3bCR 

SC  niici , 

12  in. 

A3c 

RA!  Lt. 

Fots* 

244 

A3cSCO‘0 

Cora 

4  Dpk 

A3c940-1 

Core 

4  ppk 

A3cSCO-2 

Core 

4  ppk 

AScVR 

Vin3“ 

33  Tl/iec 

ASrPR 

SC  [Hapl, 

12  in. 

J 

f 

A3c(R 

Carlaon 

300  pei 

1 

1 

f 

1 

A3cPR 

Carlaon 

300  pei 

ASd 

HA-  H*y 

Cindera 

244 

AsdVR 

V103* 

dU  U/aac 

A3d 

RA;  H»y 

Cindara 

244 

ASdTR 

SC  Diapl. 

12  in. 

ASe 

ASc 


ASaV13 
ASiSCO-L 
ASa9C90-L 
ASiTn 
ASaDP 
ASalV 
ASafy 

A5bW 
ASb9CD.L 
ASbCR 
ASiEP 


VH3!“ 

9R*A 
SR.  4 

SG  niapl. 
SC  Dlapl. 
Carlaon 
Carlaen 

VHJS" 
SR.4 
SC  Dlipl. 
ac  Diipi. 

vws” 

sc  Dtapl. 


3S  ft/aac 
a  ’’'’a 

Ji’fS. 

12  in. 

300  pai 

3S  ft/tee 

M. 

12  in. 


BU 


Na. 


3  Suet 
3  Suet 


Cindera 

Cindera 


244 

244 


AScvn 

AScCR 


Un lined 


None 


334 


BlaSCO-O 

Dla^l 

BleSnO-1 

Bla9a>.2 

01e8K>.2 

BlaaC4S.O 

BlaSC90>0 

DliOtSO.l 

BUSC90.2 

BliSClBQ.Q 


Core 


30  (t/aec 
12  in. 


J  ppit 


B3a 


Ikllned 


334 


BSaSOO.O 

BSiSOO-l 

B9aSR>.l 

B2aSC0.2 

IBB930.3 

B2eaC90.0 

B2i8R90.1 

B2.SC90.3 


Core 


2  ppk 


BSa 

g: 

R/C  Hey 

R/C  Hey 

R/C  Hey 

None 

None 

None 

334 

334 

334 

VH17® 

SR.4 

SC  Diaol. 

B3b 

B/C  Hey 

Foa« 

334 

B3bVR 

VHn" 

BSb 

R/C  HeJ 

Foee 

334 

SR.4 

Il3b 

R/C  Hey 

Foea 

334 

B3bCR 

SC  Diapl. 

B3c 

R/C  Lt. 

Foee* 

334 

D3cSCD.O 

Core 

33  ft/aee 

if!; 


IB  ft/aec 

if!" 


B3cSCX).l 

B3C930.1 

B3CS00.2 

B3eSC90.0 

I33cSC90.2 

B3eVR 

B3e3CO-L 

B3car9n.L 

BScOR 

B3cm 

MctT 


VH17° 

SR- 4 
SR"  4 

SC  Diipl. 
Car  lion 
Car  lion 


2  ppk 


18  ft/aec 

2  ppk 
4  in. 

130  pai 
130  pai 
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TABLE  3.1  ■  Continual! 


20 


Linar 

Miteritl 

Fil  lor 

Rango 

ft 

Gage  Code 

Gog*  Type 

Set  Range 

B3d 

R/C 

Cindftri 

334 

BSdVR 

VH1?° 

27  ft/ioc 

BSH.SrO-L 

!33-4 

2  ppb 

' 

BSifllR 

SC  niapi . 

4  in. 

r 

1 

1 

Mdm 

Carlaon 

ISO  pni 

Bia 

WF  Stool 

Cinden 

334 

B4abCO-L 

SR- 4 

2  ppb 

Bda 

Stool  Log 

Cinden 

334 

B4oSC90-L 

93-4 

2  ppb 

B4b 

WF  Stool 

Foaa 

334 

B4bSCO-L 

SR-4 

2  ppb 

Stoa 

1  Lag 

EUbSC90-L 

2  ppb 

B4bSLO-L 

3  ppb 

B4bSL90-L 

3  ppb 

BdbCR 

SC  Diipl. 

4  in. 

BdbOP 

SC  Diapl, 

4  in. 

/ 

w 

U«i  laun 

i  jU  u«  4 

1 

r 

T 

1 

1 

BdbPT 

Carlton 

150  pai 

Bic 

Woot 

_ 

Foaa 

334 

B4CSCO-L 

SR-4 

2  ppb 

BSt 

Na.  ,3  steal 

Fobs* 

334 

BSaVP. 

VH17" 

18  ft/ioc 

tUaVhlBO 

VH17“ 

IH  It/tac 

BSaSCO-L 

SR-4 

2  ppb 

BSaSC90-L 

SR-4 

3  ppb 

DSiDR 

SC  Diapl. 

4  in. 

B3aCP 

Sr  Diapl. 

4  in. 

B5*PR 

Carliofi 

150  pai 

BSiPP 

Carlaon 

150  pal 

B5aF13 

SC  Diapl. 

3  in. 

BSaF? 

SC  Diapl. 

3  in. 

BSb 

No. 

3  St**l 

Foaa 

334 

B5bVR 

VT!17“ 

11  ft/tac 

BSbVRlBO 

VH17° 

IB  ft/iac 

R5bSCO-L 

sn.4 

3  P^ 

BBbTR 

sc  Diapl, 

4  InV 

B5bO(> 

SC  Diapl. 

4  in. 

1 

B5bFV 

Carlaon 

130  pai 

Uc 

No* 

3  St**l 

Cindari 

334 

BSeVR 

VH17‘ 

37  (t/aae 

1 

BkV53180 

VHl?" 

37  h/i*e 

, 

B5em 

SC  Di*pl. 

4  in. 

_ 

r 

' 

BScFR 

Carlion 

ISO  pai 

Mi 

No. 

S  St**l 

Foaa* 

334 

B4aVR 

VH17' 

IB  ft/aae 

B 

Bb 

No. 

3  St««l 

fmm 

334 

B66VR 

V1U7' 

IB  ft/i*e 

1 

6b 

No* 

3  St**i 

Foaa 

334 

B6bm 

Carlaon 

150  pai 

6b 

Pio* 

3  St**i 

Foaa 

334 

BBbFT 

Carlton 

ISO  Mi 

B6c 

No. 

3  8t**l 

Cindari 

334 

BBoVR 

VH17' 

27  ft/iae 

B7t 

Horiatho* 

Naa* 

334 

DTaDR 

SC  Ditpl. 

6  in. 

C3e 

R/t:  Ll, 

Foaa* 

437 

csecn 

SC  Diipl. 

1  in. 

C3c 

Ll* 

Foaa 

457 

C3cW 

Oariion 

12G  pai 

C3c 

R/C  Lt. 

Foaa 

457 

C3cPP 

Carlton 

120  Mi 

TTPttil  itft  oo^ai  irti 


1 

Uo 

A) t 
Bit 
B4ti 

B] i 


ClcKO-i 

AJiOi 

BiiVB 

W>VP 


H  -L 

Tk<  tint  irowp  l^aniiliai  tha  liMr  on  ihieii  tba  BKiariaaBt  ii  aada. 

TW  iicen^  Ifttar  riifiMi  iIm  ifpa  st  HiiunatBij  S  (or  itrtla,  V  tor  nlocltf, 
0  for  dloBtttr  chioft  of  linliii,  P  for  priiiuri  on  lloiiii,  on^  P  tor  coaprooiloo 
of  foia. 


T>o  tfclrJ  loltor  doocrlkoo  itio  oritntition  of  iKo  |t|oi  ihori  it  t  corloln  in* 
cooiiolORcr  Korif  for  otroin  gino/C  it  a  aotioroaiRt  of  c  ircuattront  it  I  otriit,  R 
raPiil  otroin  aoo  L  loof itudtool  ttrain  oiih  rotpaet  to  tho  tgnMl.  Por  othor  lofov 
R  rafiri  to  l  atoloroBont  ridtol  oith  rtopoct  to  tko  ihot,  onB  P  to  in  erionttiioo 
porpoo4iculir  to  tbit  rodito,  both  trpoi  bting  ridiil  to  tho  tunnil. 

TVt  toorth  nuabor  rtfori  to  tho  iocttion  of  a  gaga  ohon  not  othoroiaa  obriooa,  lo 
dagroaa  froa  tho  aoro  point  (ohieh  in  tho  point  cloatat  to  tha  ahotj.  than  thora  la 
no  fourth  noabor,  0  It  undaratood. 


Tha  fifth  ooabar  or  lattar  oipliini  tha  radial  location  of  a  itrain  gagar  if  a 
ooabar^  it  rafara  to  tha  naabar  of  lunnal  radii  it  la  daap  froa  iht  tunnal  luriaca,  and 
an  L  indicatai  that  it  la  locatad  on  tha  1  mar  itaalf. 

Pota  •  loaitallr  »  inchoai  Pooa*  •  2(  inchat. 

Tha  figara  for  ronga  ia  tha  ilani  diatanca  froa  ahot  point  to  tha  gaga. 
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Figure  3.1  Relative  displacement  gage  installed  on  Liner  A6b. 
(DA8A  047  (NOlI-084-05)  STS-e2) 


Figure  3.2  Foam  pressure  gage  and  velocity  gage  on 
Liner  B3c.  (DASA  032  (NOU-072-08)  NTS-62) 
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Figure  a.a  Baldwin  3R-4  strain  gages  installed  on  liner. 
(DASA  047  (NOU-084-04)  NTS-62) 


Figure  3.4  Coro  strain  gage  before  installation  in  formation. 
(DASA  055  (NOU-088-05)  .NTS-02) 
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Figure  3^  Structural  response  program  instrumentatioi). 


Figure  3.6  Recording  area.  (DASA  085  (NOU-0e9-07)  NTB-6a) 


24 


SECRET 


25 


SECRET 


CHAPTER  4 


OPERATIOMS 


».i  CHANGt'S  IN  kXWKHIMKNl  HI.  AN 

Nq  cti»ni(*A  in  lin«ir  o»porimnnt  nl»n  nr  Incitinn  nf  gAffnii  Bopd 

made  aftar  thii  project  waa  in  the  early  planning  atagoa.  Conatructional 
di f f icu 1 t i ea ,  however,  required  aome  amall  chaiigea  in  the  rangea  and 
anglea  of  three  drifta  from  the  ahot  point.  Theae  reviaed  dimenaiona  are 
ahown  in  Fig.  4.1,  which  alao  ahowi  the  vertical  aection  of  the  entire 
experiment. 

4.2  FIELD  SCHEDULE 

Part  nf  the  nacaaaary  inatal lationa  for  tliia  project  ware  conducted 
in  the  fall  of  1960,  for  the  planned  event  Lollipop.  The  central  atation 
equipment  waa  inatalled  in  the  ahelter,and  nearly  half  of  the  eablea  ware 
run  down  the  vertical  ahaft  but  not  diatributed  to  the  tunnel  drifta, 

Aftar  Lollipop  waa  indefinitely  poatpnnsd.  theae  faciliiiea  were  maintained 
aa  well  aa  poaaible,  including  aeveral  tripa  to  charge  batteriea,  and  ao 
forth.  It  ia  not  entirely  clear  whetlier  theae  prnparationa  were  uaeful 
to  the  completion  of  the  inatallation  for  Hard  liar,  becauae  part  of  the 
inatrumanta  were  removed  from  the  ahelier  for  uae  on  Shot  Antler  and  a 
number  of  the  tablea  ware  damaged  by  rodenta^  aa  a  raault^  the  neceaaary 
checka  and  repaira  were  time  conauming. 

Operationa  nn  Hard  Mat  began  on  December  1,  1961,  with  a  amall  crew 
preparing  end  completing  the  cable  linea  and  running  the  remaining  eablea 
down  the  vertical  ahaft.  Full-acale  field  operationa  began  on  January  3, 
1962.  and  continued  until  the  ahot  date.  Conaiderahle  delaya  were  occa- 
aioned  by  continued  conatruction  activiliea  in  the  tunnel,  notably  the 
inatallation  of  the  blaat  door  near  the  vertical  ahaft  (Figurea  4.2  and 
4.3).  However,  gage  calibration,  connection,  and  inatallation  were  eaaen- 
tiaily  complete  by  D-6  when  button-up  operationa  were  atarted  in  the 
tunne 1 . 
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The  recording  ehelter  initrumenti  were  checited  out  and  buttoned  up 
by  about  2230  on  D  “  1.  Recurda  were  recovered  on  the  afternoon  of  D-day 
and  were  developed  during  the  day  of  D  't  1.  Central  atation  equipment 
waa  recovered  on  U  't  2^and  the  field  party  left  the  aite  on  D  3. 
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Fifcure  4.2  Blast  door  Installation  near  vertical  shait. 
PASA  NOU-04S  (NOU-0B6-04)  NTS  62) 


Figure  4.3  Typical  working  environment  In  tunnel. 
(3ASA  NOU-06e-10-NTS-62) 
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CHAPTER  5 


RESULTS 


s.l  GAGE  PERFX)RMANCE 

Of  thr.  inft  ohMiifinli  unibifi  TSiulta  S6ri  ubLained  frOS 

only  48  channel!,  repreaanting  4S^  of  the  total.  Thii  high  loaa  of  chan¬ 
nels  appears  to  have  reeullcU  froii;  a  number  if  sEparale  lauaes,  as  follows 

(a)  Of  the  10  recording  oscillographs  used  on  this  project  and 
OB  Project  1.3  (  Rtftrenet  5) ,  OBI  taeordar  talltd  to  transport  piper 
thereby  losing  its  gage  records  completely.  T«o  others 
produced  partial  records  due  tn  failuie  of  the  circuits 
designed  to  increaae  the  light  brilliance  on  recording, 

This  failure  appears  to  have  bean  caused  by  dusty  or  de¬ 
fective  relays,  since  the  recorders  opanited  normally  on 
final  checkout. 

(b)  The  transient  electromagnetic  diaturbsnra  at  taro  time, 
aonetimea  referred  to  as  the  inductipn  signal,  eai  much 
stronger  on  this  than  on  any  other  underground  shot  oe  have 
instrumented.  In  aome  channels  it  was  severe  enough  to 
preclude  recording,  and  in  others  it  caused  a  baseline 
ahift  which  reduced  the  accuracy  of  the  racorila. 

The  induction  aigntl  probably  contributed  to  the  loaa  of 
dal«  fl'iim  Lhn  rwaiatante  wile  Strain  gsges  i;v  flashover 
of  the  gage  wire  to  the  grounded  liner  or  ot.her  nitarisl. 

In  lome  caeei,  it  cannot  be  determined  whetlier  this  or 
cable  breakage  wti  the  cauie  of  feilure. 

In  addition  to  the  record  loiaes  mentioned  above,  deleterious 
effects  of  the  ground  motion  were  experienced  on  esblee 
end  recording  equipment.  Indications  are  that  ill  of  the 
cables  auffered  breakage  at  lome  time  lubiequent  to  aero 
time.  A  very  few  of  theie  leited  aa  long  as  300  mi  1 1  i aeconda . 
Moat  broke  at  30  to  100  mi  1 1  i leconda .  On  leveral  of  the 
channele  which  were  otherwise  acceptable,  cable  breakage 
may  have  occurred  before  the  true  peak  was  reached,  reiult- 
ing  in  quoted  peaks  which  ere  probably  leaa  than  the  true 
value.  The  ground  motion  experienced  at  the  recording 
shelter  waa  considerably  higher  than  expected  and  wai 
sufficiently  strong  to  damage  some  of  the  recording  oscil¬ 
lographs  and  Borne  of  the  electronic  equipment.  Aa  a  result, 
the  tail  end  of  a  few  of  the  records  was  loat,  but  moat  of 
the  cablea  iiad  already  been  broken  before  these  failures. 
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Th  i •  ma»»ive  amount  of  loit  data  ia  much  more  aevere  than  «e  had 
experienced  on  any  other  shot.  Some  of  the  loaaea  were  unavoidable,  but 
some  might  have  been  avoided  had  they  been  anticipated,  In  particular, 
the  aevere  damage  from  the  induction  aignal  was  totally  unexpected  at  the 
time  that  this  experiment  waa  pi anned^ since  it  liad  not  presented  an  im¬ 
portant  problem  on  previous  underground  ahota;  on  the  other  hand,  some 
cable  damage  waa  anticipated^ considering  the  nature  of  the  formation  and 
the  proximity  to  the  source,  but  even  this  waa  more  aevere  than  had  been 

i  'TL  -  _ _ -A _ ....si.,  j...  ..u.  _ _ 

Alia  lOi^UAuag  iaxAUSoa  vvoaci  asa>  *«seiaa.  uuo  wu  VHO  **0** 

and  nhanlearenrn  nf  the  rernrdera  uaed^and  modifications  are  presently 
in  progress  to  replace  or  backup  the  photographic  recorders  with  multi¬ 
channel  magnetic  tape  syatema. 

S.2  DATA  PRESENTATION 

Table  S.l  presanta  the  values  of  pressure,  velocity,  displacement^ 
and  strain  recorded  on  this  project,  with  the  timra  of  peaks  and  total 
duration  of  the  effective  record.  On  channels  where  such  a  determination 
is  reasonably  certain,  a  first  arrival  time  is  also  shown. 

The  polarity  conventions  uaed  in  Table  5.1  and  all  other  data  pre- 
aentationa  herein  are  baaed  on  the  expected  direction  of  the  predicted 
majur  motion,  as  followa; 

(a)  Particle  velocity,  -VR,  -VRISO.  Positive  ie  away  froatha  shot. 

(b)  Particle  displeeensnt ,  -VR-D,  VR  150-U.  Poaitive  is  away 
from  the  shot. 

(c)  Liner  relative  displacement,  -DR.  Positive  ia  reduction 
of  diameter.  Liner  relative  displacement,  -DP.  Poaitive 
ia  increase  of  dismeter. 

(d)  Foam  thickness  change,  -KR,  -FP.  Positive  ia  reduction 
of  thickness. 

(e)  Strain,  S,  Positive  is  tension  lelongation  of  gage). 

Figures  S.l  through  5.4  show  normaliied  and  lineariied  plots  of  the  ma¬ 
jority  of  the  records  tabulated  in  Table  .5.1,  along  with  the  pertinent 
peik  data.  These  presentations  iitiliie  the  same  notation  uaed  in 
Table  3.1  for  identification  of  the  gages,  with  one  addition;  when  the 
velocity  records  have  been  integrated  to  obtain  displacement,  the  code 
uued  is  the  same  as  the  original  velocity  gage  with  the  addition  o!  a  -D. 
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Many  of  the»p  curvea  have  been  edilet'  to  remove  extraneous  noiie 
where  thia  could  be  readily  identified.  .Some  nf  this  noise  may  remain. 
Many  of  the  records  auch  aa  A3bVH,  H3hVH,  anu  A3al)K  ahow  one  or  nore 
aharp  apihea  which  may  or  m.sv  not  be  spurious.  In  editing  the  records 
it  was  thought  beat  to  err  on  the  aide  of  cnnaervatiam  and  to  leave  in 
those  which  were  in  doubt.  However,  even  if  real,  the  apihea  are 
believed  to  be  of  little  importance^ and  care  la  required  in  application 
of  the  peak  data. 

Moat  of  the  records  purporting  to  ahow  the  stress  in  the  foam  anr. 
rounding  the  liner  show  negative  presaures  Is-^gfr  than  seems  possible. 
True,  in  the  inatallationa  of  these  gages,  a  alight  initial  compressive 
force  was  applied  between  the  Carlson  gagas  and  the  foem  (see 

Section  3,1,4),  but  this  force  was  a  small  fraction  of  the  range  of  the 
gage.  These  negative  preaaurea  are  largely  in  the  form  of  ehort  spikes 
which  may  bn  spurious  electrical  di a 1 1' rbanc ea ,  but  the  long  duration  of 
the  negative  pressure  on  f.ScPli  reitisini  unexplained. 
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TABLP,  5  .  1  DATA  SURMARY 
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TABlT.  S.S  •  Continued 
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Figure  6.1  Meaaured  particle  velocities  and  derived  particle  displaoements. 
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Figure  5.1  Continued. 
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Figure  5.1  Continued. 
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!  Figure  6.4  Strain  In  liners. 
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CHAPTER  6 


DISCUSSION 


The  objective  of  this  project  did  not  include  the  anelyiii  of  the 
date  obtained  aa  it  p^rtaina  to  the  loading  and  raaponaa  of  the  liner:, 
ineaa  fe S pnns i bi 1 i I i ca  »cre  taken  hy  Proiout  5 . i  ■nirh  included  vha  da- 
sign  and  inalyait  of  the  entire  experiment.  The  diacuiaiona  in  thia 
report  therefore  are  limited  to  pointing  out  featurea  of  the  data  ob¬ 
tained  that  are  considered  pertinent  to  and  of  interest  to  other  projecta 
and  which  aaaist  in  the  evaluation  of  the  data  obtained. 

6.1  COMPAHISON  WITH  PHEDICTION.S 

The  ovortll  aaperiment  was  daaigned  with  exparimantal  liners  at 
each  of  three  ranges.  One  of  the  purpoaea  of  such  a  division  was  to  in¬ 
sure  that  at  least  one  of  the  three  seta  of  liners  would  be  loaded  to 
the  point  of  at  Isast  partial  failure  au  at  to  provide  uisful  data. 

Ideally,  it  was  expected  that  llie  liners  in  A  drift  would  be  severely 
demeged,  those  in  D  drift  appreciably  damaged,  and  those  in  C  drift 
eaaentially  undamaged. 

The  atudy  of  the  gage  records  only  doet  not  ehow  conclusively  the  ax¬ 
is. 'll  of  the  damage  sulfefad  by  the  linera,  but.  uoatiihot  inspection  and 
exploration  ahow  that,  indeed,  the  damage  did  follow  this  moat  deairabla 
pattern. 

It  was  pointed  out  in  Section  3.4  that  the  let  ranges  on  thia  project 
were  bated  on,  but  were  in  general  lower  than,  predirtiona  of  the  free- 
field  phenomena  made  by  both  projnete.  In  Table  5.1  the  ratio  of  the 
observed  peek  values  to  their  predicted  peaks,  in  terms  of  percent  of 
■et  renge,  ere  ehown  in  the  last  column.  These  data  are  tummeriied  in 
Table  6.1,  where  it  ie  obvious  that  prediction!  of  velocity  and  pressure 
were  alightly  low,  while  predictions  of  relative  diaplacement  were  some¬ 
what  high  as  judged  by  the  geometric  mean  of  the  measurements  obtained, 

The  scatter  from  these  mean  vnlues  is  relatively  great,  especially  in 
the  relative  diaplacement  messuremeiiis ,  but  this  is  to  be  expected  in 
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a  project  of  tliia  type.  The  aharp  apikea  obaerved  on  the  records  and 
mentioned  in  Section  5.2  are  reaponaible  for  much  of  thia  acatter. 

6.2  DIRECTION  OF  LOADING  AND  RESPONSE 

Caaual  inapertion  of  the  data  of  Table  5.1  nay  reault  in  conciuaiona 
which  are  not  warranted.  In  three  linera,  meaauramenti  were  made  of 
relitive  di aplacamanta  in  the  tranavarae  (nearly  vertical)  direction  (PP) 
aa  well  aa  the  radial  direction  (PR).  In  all  three-  ASa,  ASb,  and  DSa-the 
trensTerae  deflectior.a  DP  were  larger  than  the  radial  deflactiuria  DR  by 

Where  foaai  atreaa  waa  meaaured  in  the  tranarerae  aa  well  aa  the  radial 
direction,  three  of  the  five  linera-  B3e,  U4b,  and  C3c-  ahowed  the  greateat 
atreaa  in  the  tranaveraa  poaition;  the  other  two-  ASa  and  BSa-  ahowed  a 
■axinun  in  the  radial  poaition. 

Fror.  thaaa  obaervationa ,  it  appeara  tha>  the  majority  of  the  atrueturea 
ahowed  ■axlnuai  loading  in  a  direction  nearer  the  tranaverae  than  the  radial 
direction.  In  fact,  poatteat  examination  of  aome  of  the  atrueturea  ahow 
indioationa  that  thia  ia  true  of  the  final  poaitioiia. 

But  thia  eoncluaion  ia  unwarranted  from  the  data  .{uoted  above  alone. 

The  conventiona  of  polarity  uaad  are  auch  that  the  poaitive  DR  ahould  he 
ooaparad  with  the  negative  DP,  ainca  they  repreaent  inward  motion.  The 
rather  high  negative  peaka  of  ASaDP  and  BSaDP  are  both  quite  aharp  apikea 
and  are  unimportant  if  net  epurioui.  The  atatiaticai  approach  to  the  foam 
atreaa  raaulta  ia  not  warranted,  five  being  too  email  a  number  for  auch 
an  approarn 

The  relative  magnitudea  of  OSiFR  and  l35thP  are  nlio  of  intereat  in 
thia  reapect.  In  Figure  6.S ,  RSaKR  ia  leen  to  be  predominantly  poaitive, 
wheraaa  BSaKV  ia  predominantly  negative,  indicetive  of  en  increeaed  spacing 
between  the  liner  end  the  formation  (thickneaa  of  foam)  in  t)ie  tranaverae 
poaition  accompanied  by  a  decreaae  of  thia  dimension  in  the  radial  poaition. 
The  relativo  displacement  gages  RSaDn  end  DP  ihuw  tliat  the  diameter  of  the 
liner  ie  decreaied  radially  end  increeaed  tranaverily; ao  that  it  appeara 
that  both  the  liner  and  tlie  tunnel  ere  distorted  in  the  aame  direction, 
the  tunnel  more  than  the  liner.  The  early  foam  itreai  is  poei  live  in  both 
poaitiona,  but  DSaPP  dropa  to  lero  before  QSaFP  reaches  iti  peak,  aa  night 
be  expected.  This  structure,  then,  reeponded  as  expected,  except  for  the 
unexpected  increeie  in  '*  foam  tliicknesa’*  at  90°. 
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6.3  SHOCK  VELOCITY 

Figure  6.1  ahott*  compariaon  nf  the  arrival  timea  obaerved  on  thia 
project  with  thoae  obaerved  in  the  free-fiold  neaaurementf.  of  Project  3.3 
aa  quoted  in  Iteference  6.  The  freo-fielil  mea au remen t a  ahow  propagation 
velocity  in  the  rangea  of  intcreat  from  about  17.600  ft/aec  All  of  the 
definite  arrival  timea  ahown  on  Table  a.l  are  later  than  thoae  ahown  on 
thia  curve  by  timea  ranging  from  0.5  milliaecond  to  3.5  mi  1 1 i aeeonda. 

Thia  ia  to  be  expected^ aince  there  ahould  be  a  conaiderable  delay  of  the 
ahockeave  paaaing  through  the  foam  backing  of  the  linera.  The  general 

umilil  1.  tire  veeiaat-aa.*  aaei.trrr?1ln»*xi  iitJtit  i  laitfi-i.  J..Y  ^1^2. 
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TABLE  6,1  COMPABISCN  OF  MEASUBEMmS  WITH  SET  RANGES 


P*rc»nt  of  Sot  RanfO 


Typo  of 
MooiuroMRto 

Nuabor  of 
MooouroMtito 

Mu. 

Min. 

Qooaotrlc 

ttoan 

Mo»/j^o,„ 

“•“/Mil. 

VR 

IS 

S70 

S7 

las 

S.O 

S.SS 

VB-180 

a 

m 

M 

116 

1.96 

S.l 

U  F . .  1  \ 
t  ^  %w*«t  $ 

M 

s?o 

\1 

laa 

2.8 

.a,  6 

DR 

IS 

131 

8.7 

51 

2.SS 

5.9 

DP 

s 

3S7 

iS 

99 

2.4 

a.!i 

D  (iMol) 

16 

237 

8.7 

57 

4.2 

6.5 

m 

6 

4S1 

41 

isa 

S,4 

3.2 

pp 

S 

S76 

98 

1.1 

1.7 

P  (tetol) 

11 

451 

41 

146 

S.'i 

a. 6 

PR 

1 

87 

PP 

1 

155 

P  (totol) 

1 

15S 

87 

1.14 

1.S4 

1.54 

1 

SI 

aa>.L 

s 

85 

52 

86 

1.28 

1.28 

8  (lettl) 

s 

85 

52 

52 

1.65 

1.65 

All 

M 

94 
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CHAPTER  7 


CONaUSIONS  AND  IIEC0IACNUTI0N3 


The  technical  concluaion  to  be  drawn  from  the  reaulta  of  thie  project 
ia  that  the  preaent  atate  of  know!  - 'jo  pernitt  ext rwnni ■ 1 1 nn  nf  Hurn  fr''» 
one  nedium  to  another  "itS  autficient  accuracy  for  range  setting  and  per¬ 
haps  for  tentative  structural  doaiijn.  Thia  poaition  should  be  further 
inproved  after  the  final  intarpretationa  of  the  ovarii  •ynarimanr 

The  prinary  raconnendatio''  derived  front  thii  experiment  !■  that,  if  there 
,ia  a  future  aiaiilar  experisient,  much  more  drastic  meani  should  be  used 
to  protect  the  cable  from  damage  by  flying  and  shifting  rock  and  to  pro¬ 
tect  the  gage  ayaten  front  the  induction  signal  at  lero  time.  Work  ia 
progrearing  along  the  latter  direction  in  the  courts  of  planning  of 
other  underground  experimenta. 
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